Drusen are a hallmark of eyes affected by age-related macular degeneration. In previous study, a conformationalspecific antibody showed drusen to contain nonfibrillar amyloid structures. The current study was undertaken to assess the presence of additional amyloid structures in drusen.
A ge-related macular degeneration (AMD) is characterized by the presence of drusen, which are extracellular deposits that accumulate beneath the retinal pigmented epithelium. Many protein and lipid constituents of drusen are similar to those found in deposits characteristic of other age-related degenerative disorders such as Alzheimer disease (AD) and other amyloid diseases.
1,2 These include amyloid ␤ (A␤), vitronectin, amyloid P, apolipoprotein E, and inflammatory mediators such as acute phase reactants and complement components. The finding that C5, C5b9, and C3 fragments, which are components of the complement cascade, are often present in drusen support a role for local inflammation in drusen biogenesis. [3] [4] [5] This notion is bolstered by the discovery that a polymorphism in complement factor H, a regulator of the alternative complement pathway, significantly increases the risk factor for AMD. 6 -8 Despite its potential importance in the pathogenesis of AMD and AD, the initiating events leading to the inflammatory response are largely unknown.
The commonalities between AMD and AD can also be seen in a transgenic mouse model that expressed human apoE4, 9 an allelic variant that shows a strong positive association with AD. 10 Aged mice of this strain exhibit a retinal phenotype that replicates many features of AMD when the animals are fed a high-fat diet. Of interest, the pathologic features of this retinal model are attenuated by anti-A␤ antibody, 11 supporting a role for A␤ toxicity in the retina. Retinal phenotypes of existing transgenic mouse models of AD that overexpress A␤ in neuronal cells have also been examined, [12] [13] [14] and retinal disease, as well as a decrease in retinal function, as assessed by ERG, have been observed. Because the different promoters used for these mouse models were chosen based on their known activity in cortical neurons, the nature of A␤-induced retinal disease in these AD mouse models varied, inasmuch as these promoters show various degrees of activity in different retinal cell types. It is likely that A␤-induced toxicity in the retina, as in the brain, is due to formation of toxic amyloid structures, inasmuch as A␤ oligomers exert cellular toxicity, whereas soluble A␤ monomers do not. 15, 16 One distinguishing characteristic of amyloid diseases is the presence of abundant fibrils that are 6 to 15 nm in diameter, of various lengths, and often twisted. 17 Fibrils are an end product of a stepwise misfolding of the proteins or peptides that accumulate in the deposits of many age-related degenerative disorders. 18, 19 For example, amyloid fibrils of AD plaques and Lewy bodies of Parkinson disease consist primarily of A␤ peptide and ␣-synuclein, respectively. Potentially amyloidogenic proteins share neither sequence homology nor structural similarity as soluble monomeric proteins. Remarkably, however, they display common structural features at specific stages in a misfolding process that leads to the formation of spherical and protofibrillar oligomers, as well as fibrillar forms. 16, 20 For example, soluble nonfibrillar oligomers formed by several amyloidogenic peptides and proteins are recognized by the conformation-specific A11 antibody. 21 Given that a growing body of evidence points to a pathogenic role for soluble nonfibrillar oligomers in amyloid diseases, 22 the A11 antibody has greatly facilitated the identification of such toxic species in diseased tissues. 21, [23] [24] [25] [26] [27] Antibodies that specifically recognize structural determinants of amyloid fibrils not present in monomeric or nonfibrillar oligomeric forms, also have been described. These include the OC 28 antibody, which recognizes a wide molecular weight range of amyloid fibrils, and the WO1 and WO2 29 antibodies, which show a preference for large, insoluble, mature fibrils.
Despite the presence of several potentially amyloidogenic proteins in drusen and other similarities between drusen and amyloid deposits, amyloid fibrils have not been reported in drusen. Recently, the A11 antibody demonstrated the presence of nonfibrillar oligomers in drusen, 26 suggesting that amyloid oligomers may be involved in drusen biogenesis and/or participate directly in local RPE toxicity. In this study, we verified the presence of amyloid oligomers using the monoclonal antibody M204, which binds amyloid oligomers but not monomers or fibrils ( Supplementary Fig. S1 , http://www.iovs.org/cgi/content/ full/51/3/1304/DC1). We also used the WO1, WO2, and OC antibodies to investigate the presence of amyloid fibrils in drusen. These latter antibodies stained a wide spectrum of vesicular elements in drusen with reactivity predominantly localized to the outer shells of these structures. Such structures have been shown to contain A␤, 30, 31 and colocalization showed that WO antibodies and OC staining overlapped that of A␤-specific antibody. These observations indicate that drusenassociated vesicles may in fact contain fibrillar amyloid composed, at least in part, by A␤. In addition, fibrillar structures consistent with amyloid fibrils were detected in sub-RPE deposits by staining with WO antibodies and electron microscopy (EM). These structures were immunopositive for vitronectin but not for A␤. These data reveal the presence of a wide spectrum of amyloid structures in drusen and support the idea that similar protein misfolding events, which are characteristic of amyloid diseases, are involved in the pathogenesis of AMD.
METHODS

Preparation of Oligomers and Fibrils for Dot Blot Assay
A␤ oligomers and fibrils as well as Q36, ␣-synuclein, and prion fibrils were prepared from respective synthetic peptides or recombinant proteins, as previously described. 21, 32 The fibrils were confirmed by EM and thioflavin S binding. An equal amount (40 nanomoles) of proteins or peptides was spotted onto nitrocellulose membrane, dried, and incubated with the primary antibody. Signals were detected with enhanced chemiluminescence (GE Life Sciences, Piscataway, NJ).
Human Tissue
Human donor eyes were obtained from the Oregon Lions Sight and Hearing Foundation and were managed according to the guidelines of the Declaration of Helsinki for research involving human tissue. Eyes and brain samples were also obtained from the Alzheimer Disease Research Center (ADRC) of the University of Southern California. This project was approved by the institutional review board of the University of Southern California School of Medicine. Eyes of nine individuals that contained drusen were analyzed, six of which had clinically documented atrophic AMD. Their ages ranged from 75 to 91 years. Two control eyes, ages 74 and 90, were also examined. Eyes were stored at 4°C and processed 24 to 48 hours postmortem. The neural retina was removed from the posterior pole; the remaining eye cup was cut into 1 ϫ 0.5-cm rectangles, immediately embedded in OCT (Tissue-Tek, Sakura Finetec, Torrance, CA) and frozen. Both macular and peripheral areas that contained drusen were used. The tissue was not fixed to avoid interference with antigen detection by nonfibrillar oligomer antibodies. Eight-micrometer-thick frozen sections were cut on a cryostat (CM3050 S; Leica Microsystems, Bannockburn, IL) at Ϫ18°C.
Confocal Immunofluorescence Microscopy
Sections were blocked overnight at 4°C or for 1 hour at room temperature in blocking solution (phosphate-buffered saline containing 2% BSA and 2% goat serum) and incubated for 2 hours with the primary antibody at 2 to 10 g/mL in blocking solution (rabbit monoclonal M204, mouse monoclonal antibodies WO1 and WO2, 29 mouse monoclonal antibody 6E10 [Covance Research Products, Inc., Dedham, MA], and rabbit polyclonal antibody OC 28 ) followed by incubation for 1 hour with FITC-conjugated or Texas red-conjugated secondary antibodies (Vector Laboratories, Inc., Burlingame, CA) at a dilution of 1:100 in blocking solution. For double labeling using antibodies raised in the same species (rabbit) an intervening formaldehyde treatment was used between the first and second primary antibodies. 33 DAPI was used to visualize nuclei. Images were acquired with an inverted laser scanning confocal microscope (Zeiss LSM-510; Carl Zeiss Meditec, Thornwood, NY) or a spinning-disc confocal microscope (UltraVIEW VoX; PerkinElmer, Waltham, MA). Specimens were scanned under the same conditions for laser intensity, magnification, brightness, gain, and pinhole size.
Immunogold Electron Microscopy
Ocular tissue was fixed in paraformaldehyde, rinsed in 0.1 M phosphate buffer and dehydrated through a graded ethanol series. The specimen was embedded in LR White resin (Electron Microscopy Sciences, Hatfield, PA), sectioned, and stained for A␤ with the 6E10 antibody followed by a secondary antibody conjugated to 25-nm gold particles (Ted Pella, Redding, CA), as previously described. 30 Staining for vitronectin was performed similarly using a rabbit antibody against human vitronectin (Quidel Corp., San Diego, CA) and a secondary goat anti-rabbit antibody conjugated to 15 nm colloidal gold (Ted Pella).
RESULTS
Nonfibrillar Amyloid Oligomer Core Structures in Drusen
Previously, the presence of core structures in drusen that contain nonfibrillar amyloid was revealed by a rabbit polyclonal antibody, A11. 26 This antibody was raised against a molecular mimic of nonfibrillar oligomer made from the Alzheimer A␤ peptide, but was found to detect toxic oligomers made from a variety of other amyloidogenic proteins. 21 Thus, the A11 antibody is able to recognize a common structural conformation displayed by nonfibrillar oligomeric forms of diverse proteins and peptides. Because A11 is a polyclonal antibody preparation, it is likely that a heterogenous variety of antigenic epitopes is recognized. To validate the results obtained using A11, we took advantage of a rabbit monoclonal antibody that was recently generated by using the same immunogen as for A11 and binds specifically to amyloid oligomers, but not monomers or fibrils ( Supplementary Fig. S1 , http://www.iovs.org/cgi/content/full/51/3/1304/DC1). This antibody, mAb M204, bound to drusen-associated structures similar in appearance to those identified by the polyclonal A11 antibody (Fig. 1) . These cores within drusen were 10 to 20 m in size and were located in close proximity to the Bruch membrane. Many drusen contained a single core (Figs. 1B, 1D) , whereas a few large drusen were observed to contain multiple cores (Figs. 1E, 1F ). Sections from eight donor eyes with drusen were all positive for M204-immunoreactive drusen cores, whereas control eyes without drusen displayed no immunoreactivity (data not shown). Not all drusen sections dis-played M204-immunoreactive cores, perhaps because they were out of the plane of section or simply were not present in some drusen. These results are consistent with those obtained with the polyclonal A11 antibody and confirm the presence of nonfibrillar amyloid oligomers in core elements of drusen.
Fibrillar Amyloid Structures in Drusen
We first investigated the presence of amyloid fibrils in drusen using the OC antibody, which is a rabbit polyclonal antibody that was obtained by immunization with a morphologically homogeneous population of sonicated A␤42 fibrils. 28 The OC antibody binds fibrils made from a variety of amyloidogenic proteins and peptides, but not soluble monomers or nonfibrillar oligomers. It binds A␤ fibrils with molecular masses between 8 and 200 kDa based on Western blot and size-exclusion chromatography, suggesting interaction with a population of soluble small fibrils or fibril nuclei, as well as with larger insoluble mature fibrils. 28 Thus, the amyloid species recognized by OC and M204/A11 are structurally distinct. As expected, OC showed extensive reactivity with AD plaques (Figs. 2A-C), due to their known concentration of A␤ fibrils. Whether the A␤ immunoreactivity associated with vesicular structures in drusen 30, 31 is due to the presence of monomeric or fibrillar amyloid structures has not been investigated. In this study, similar to AD brain, A␤ reactivity in drusen showed extensive, but incomplete, overlap with that of OC (Figs.  2D-I ). Of note, we observed that the 6E10 and OC antibodies appeared to compete for the same epitope. In double-labeling experiments when 6E10 was applied first, the OC signal was obviously weaker and vice versa. This observation and the large extent of overlap in immunoreactivity pattern between these antibodies suggest that the amyloid fibrils recognized by OC may, in part, be formed by A␤.
Recently, we discovered that vitronectin, an abundant protein component of drusen, readily forms amyloid oligomers and fibrils in vitro, 34 raising the possibility that it also forms amyloid structures in vivo. Double staining with a vitronectin antibody and the A11 anti-amyloid oligomer antibody showed that they do not colocalize in drusen. 26 To test the possibility that vitronectin is localized to the site of amyloid fibrils, we performed double staining with a vitronectin antibody and the OC antibody. Overall colocalization of vitronectin and OC was poor (data not shown), despite the fact that this vitronectin antibody is capable of recognizing amyloid fibrils made of vitronectin in vitro. 34 These results suggest that vitronectin does not contribute in a significant way to amyloid fibril formation at the shell of vesicular structures in drusen.
We next investigated whether drusen contains amyloid fibrils by using the monoclonal antibodies WO1 and WO2, which were made against A␤ fibrils 29 (Fig. 3) . In addition to A␤ (1-40) amyloid fibrils, these antibodies also show reactivity 2. Co-localization of amyloid fibril structures with A␤ in AD brain and in drusen. Amyloid fibrils were visualized by the OC rabbit polyclonal antibody, whereas A␤ was visualized by the 6E10 mouse monoclonal antibody. Extensive overlap was observed for both senile plaques from AD brain (A-C) and drusen (D-I). The AD brain section was reacted first with OC and then 6E10, whereas the drusen sections were reacted first with 6E10, then OC. The specific staining of the senile plaques was seen clearly in the green channel. These structures were also present in the red channel, which represents specific 6E10 reactivity. Lipofuscin autofluorescence was strong in the red channel, and appeared as clusters of small granules. In the retinal sections, lipofuscin autofluorescence was present within the RPE in both the green and red channels, which made the autofluorescence immunoreactivity within RPE difficult to discern. In the AD brain, section nuclei were stained by DAPI (blue). Images were acquired on an inverted laser scanning confocal microscope. Scale bars, 10 m. with fibrils formed by a variety of amyloidogenic proteins and peptides including IAPP (islet amyloid polypeptide), poly Gln (Q42), and transthyretin, but not other biological fibrils such as collagen, elastin, or nonnative globular protein aggregates. 29, 35 WO1 and WO2 antibodies yielded similar patterns of reactivity; hence, no distinction is made between the two in the data presented. In contrast to OC that recognizes fibrils of a wide range of molecular masses, the preferred epitope for the WO1 antibody is mature amyloid fibrils rather than protofibrils. 36 Figure 3 shows that WO identified vesicular structures within drusen similar to those bound by the 6E10 and OC antibodies. Thin optical sections showed that these fibrils were deposited predominantly at the periphery of vesicular structures (Fig. 3) , but not all vesicles stained with WO. The morphology of drusen is quite heterogeneous 37, 38 ; not all drusen displayed vesicular structures, and those that did not contain vesicular structures showed little or no reactivity with WO antibodies (data not shown). In certain instances, immunoreactivity was also seen in sub-RPE deposits, suggesting the presence of mature amyloid fibrils at these sites (Fig. 3, bottom, arrows) . Like OC, the pattern of WO reactivity in drusen resembled that of A␤. 30, 31 To determine whether the fibrils recognized by WO contain A␤, we performed double staining with 6E10 and WO antibodies. Figure 4 shows thin optical sections obtained with a spinning-disc confocal microscope. Both antibodies stained the periphery of vesicular structures, as expected. The immunoreactivity for both antibodies resembled beads on a string that decorated the edge of the vesicles. In some drusen, extensive overlap was observed for certain vesicles even to the individual beads that lined the edge of these vesicles (Fig. 4,   FIGURE 3 . Mature amyloid fibrils recognized by the WO antibody were localized to the shell of vesicular structures. Shown are representative sections containing drusen from four individuals. Left: differential interference contrast images; middle: WO reactivity (green) reflecting the presence of mature amyloid fibrils; right: overlay of the differential interference contrast and fluorescent images. WO reactivity was seen largely at the surface of vesicular structures. Not all vesicles were stained. Sub-RPE deposit appeared to stain strongly for WO (arrows, bottom). Red-orange granules were due to RPE lipofuscin autofluorescence. Scale bar, 10 m.
FIGURE 4.
Mature amyloid fibrils are present in a subset of A␤-positive vesicles. In general, the pattern of WO reactivity appeared to represent a subset of A␤ containing vesicles. The images are thin optical sections obtained from a spinning-disc confocal microscope, which allowed for the resolution of punctate staining at the shell of the vesicles. In some vesicles costaining was visible at the level of these puncta, suggesting that A␤ forms amyloid fibrils at these sites. Inset, arrows: magnified images of these vesicles. Nuclei are stained by DAPI (blue). Scale bar, 10 m. insets), whereas in others, WO appeared to stain a subset of A␤-positive vesicles. The remarkable degree of overlap in immunoreactivity of some vesicles again supports the notion that the mature amyloid fibrils recognized by WO may be formed by A␤.
The staining patterns of A␤ and WO antibodies prompted us to compare the distribution pattern of the structures stained by OC and WO antibodies (Fig. 5) . Again reactivity of both antibodies was restricted to the shell of vesicles in the drusen. Similar to those observed for A␤ and WO, vesicles that were immunopositive for WO represented a subset of OC-positive vesicles in many drusen, indicating that their structural composition in terms of amyloid fibrils is not identical. The OC antibody recognized a broader range of vesicles than WO, a result consistent with their antigenic specificities. WO preferentially binds mature amyloid fibrils, 36 whereas OC reacts with a spectrum of small protofibrils to large fibrils. 28 These results show that amyloid fibrils, ranging from low-molecular-mass fibrils to mature fibrils, are present in drusen and may be formed by A␤.
Amyloid Fibrils in Drusen Visualized by Electron Microscopy
Electron microscopy was performed as an independent approach to investigate the presence of amyloid fibrils in drusen. Figure 6 shows three different drusen (Figs. 6A-C, with higher magnification of the boxed area shown in Figs. 6E-G, respectively) and associated sub-RPE deposits. The section shown in Figures 6A and 6E was reacted with an antibody against vitronectin and visualized with a secondary antibody conjugated to 15-nm gold particles. Vitronectin reactivity appeared throughout the drusen and in adjacent sub-RPE deposits inside the RPE basal lamina. Of note, long strands of ϳ10-nm diameter fibrils are abundant in these sub-RPE deposits (Fig. 6E) . Such fibril dimension and morphology is typical of amyloid fibrils. 17 Figures 6B and 6F show a section of a druse with sub-RPE fibrils reacted with the 6E10 anti-A␤ antibody followed by a secondary antibody conjugated to 25-nm gold particles. The 6E10 staining pattern appeared to be nonspecific inasmuch as the gold particles were seen distributed randomly throughout. Nevertheless, the diameter of the fibrils can be measured against the 25-nm gold particles. The fibril diameter also appeared to be ϳ10 nm, consistent with that of amyloid fibrils. Some strands appeared to be twisted (Fig. 6F, arrow) , a morphologic characteristic often seen in amyloid fibrils. Figures 6C and 6G are micrographs from a different druse with a similar pattern of amyloid fibrils in the sub-RPE deposits. To determine whether the sub-RPE fibrils may be formed by A␤, we stained adjacent sections from a drusen specimen that contained sub-RPE deposits with WO (Fig. 6D) and 6E10 (Fig. 6H) antibodies. Both showed strong staining of vesicles that are more concentrated at the bottom right corner of the figures. Similar to that shown in Figure 3 , WO stained sub-RPE deposits in addition to vesicles (Fig. 6D) . Although 6E10 has the ability to bind to A␤ fibrils in senile plaques of AD brain (Fig. 2) , no reactivity was seen in the sub-RPE deposits (Fig. 6H) . These data suggest that amyloid fibrils in these sub-RPE deposits are not derived from A␤ and are likely to be formed by different proteins or peptides. Amyloid fibrils at the edge of vesicular structures were not identified by EM. A previous EM study of A␤-stained drusen vesicles did not reveal obvious structures consistent with amyloid fibrils, 30 perhaps because the few vesicles examined by EM contained OC-reactive small fibril seeds rather than WOreactive mature fibrils. Further studies of more of these vesicular structures are needed to address whether some vesicles are lined with EM-visible amyloid fibrils. Nevertheless, the current data obtained from immunofluorescence and EM clearly demonstrate the presence of bona fide amyloid fibrils in substructural elements of drusen and in sub-RPE deposits.
DISCUSSION
The similarities between drusen and deposits of amyloid diseases with regard to protein and lipid content have been noted previously. 2, 31 These include proteins in the complement cascade, pointing to involvement of local inflammation in AMD disease pathogenesis. Although amyloidogenic proteins such as A␤ and transthyretin have been found in drusen, 30, 31 abundant amyloid fibrils, such as those characteristic of AD plaques, have not been noted in EM studies of drusen. For this reason, drusen have not been considered amyloid deposits. We used conformation-dependent, sequence-independent antibodies to show that a variety of amyloid structures are indeed present in drusen. These antibodies, WO and OC, do not recognize natively folded monomers; they specifically recognize fibrillar epitopes of amyloid fibrils that are distinct from those present in nonfibrillar oligomers. Moreover, they do not react with other fibrillar biomolecules such as collagen or elastin. 28, 29 Of note, their reactivity was seen predominantly at the shell of vesicular structures previously shown to contain A␤. 30, 31 Indeed, we demonstrate a high degree of colocalization between A␤ and OC immunofluorescence in these vesicles (Fig. 2) . Given the tendency of A␤ to form fibrillar structures, our evidence strongly suggests that the OC-positive fibrils are formed, at least in part, by A␤. The reason that A␤ and fibrillar structures preferentially form at the edges of vesicles is not clear. Perhaps molecular components that are present at these sites facilitate seeding for the growth of amyloid fibrils. Vesicles labeled by the WO antibodies represent a subset of OCpositive vesicles (Fig. 5) ; this pattern was mirrored by colocalization of A␤ and WO (Fig. 4) . These results can be explained by in vitro evidence demonstrating that OC recognizes fibrillar structures of a broad range of molecular weight, 28 whereas WO preferentially binds large insoluble amyloid fibrils. 36 Thus, vesicles that harbor WO-positive fibrils appear to comprise a subpopulation of amyloid-containing vesicles, which may explain why they have not been observed by EM. Also, the prevalence of soluble protofibrils over large fibrils in these vesicles may explain a tendency of drusen to stain positively for thioflavin T and Congo red, but not to emit green birefringence. 2, 30 Notably, nonfibrillar oligomers in diffuse AD plaques also stain poorly with fibril specific dyes such as Congo red and thioflavin S. 21 The staining of WO antibodies in sub-RPE deposits (Fig. 3) indicated the presence of amyloid fibrils in this compartment, which was confirmed by EM, where abundant amyloid fibrils of ϳ10 nm diameter were observed in drusen-associated sub-RPE deposits; amyloid fibrils appeared to be the main constituent of these deposits. Whether abundant amyloid fibrils are common constituents of sub-RPE deposits awaits future investigation.
Vitronectin is an abundant protein present in drusen 1, 2, 4, 39 that readily forms amyloid fibrils in vitro. 34 To see whether vitronectin forms amyloid fibrils in vivo, double staining using an antibody against human vitronectin and OC antibody was performed, whereupon little co-localization was observed (data not shown). On the other hand, the immunogold result shown in Figure 6B suggests that the amyloid fibrils in sub-RPE deposits may be composed of vitronectin. However, the density of gold particles was lower when compared to that in adjacent drusen material. Future biochemical analyses are needed to unambiguously identify the protein/peptide that makes up the amyloid fibrils in sub-RPE deposits.
In sum, we demonstrated in this study that a wide range of amyloid structures are present in vesicular elements of drusen. These include nonfibrillar oligomers as well as protofibrils and mature amyloid fibrils. Of these structures the nonfibrillar oligomers appeared to be most abundant. They were observed in all drusen-containing tissue, although, as noted previously, not all drusen demonstrated reactivity. This finding was followed by OC-and WO-positive drusen. Reactivity to these antibodies, as well as that for A␤, was observed only in drusen that contain vesicular structures. Of the nine drusen-containing eyes, four were positive. This frequency is the same as has been reported for A␤. 40 The observation that amyloid structures are present in drusen is significant. In other neurodegenerative diseases these structures have been demonstrated to participate in disease pathogenesis. Together, our data add to the list of similarities shared between drusen and amyloid deposits of other age-related neurodegenerative diseases.
